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Impact of Cry3Bb1-expressing Bt maize
on adults of the western corn rootworm,
Diabrotica virgifera virgifera (Coleoptera:
Chrysomelidae)
Michael Meissle,a∗ Richard L Hellmichb and Jo¨rg Romeisa
Abstract
BACKGROUND: Genetically engineered maize producing insecticidal Cry3Bb1 protein fromBacillus thuringiensis (Bt) is protected
from root damage by corn rootworm larvae. An examination was made to establish whether western corn rootworm (Diabrotica
virgifera virgifera) adults are affected by Cry3Bb1-expressing maize (MON88017) when feeding on above-ground tissue.
RESULTS: In laboratory bioassays, adult D. v. virgifera were fed for 7 weeks with silk, leaves or pollen from Bt maize or the
corresponding near-isoline. Male, but not female, survival was reduced in the Bt-leaf treatment compared with the control.
Female weight was lower when fed Bt maize, and egg production was reduced in the Bt-silk treatment. ELISA measurements
demonstrated that beetles feeding on silk were exposed to higher Cry3Bb1 concentrations than beetles collected fromBt-maize
fields in the United States. In contrast to silk and pollen, feeding on leaves resulted in high mortality and low fecundity. Females
feeding on pollen produced more eggs than on silk. C : N ratios indicated that silk does not provide enough nitrogen for optimal
egg production.
CONCLUSIONS: Direct effects of Cry3Bb1 on adult beetles could explain the observed effects, but varietal differences between
Bt and control maize are also possible. The impact of Bt maize on adult populations, however, is likely to be limited.
c© 2011 Society of Chemical Industry
Keywords: Bacillus thuringiensis; feeding bioassay; insecticidal protein; ELISA; C : N ratio; nutritional quality; Zea mays; genetically
modified organisms
1 INTRODUCTION
Leaf beetles of the genus Diabrotica (Coleoptera: Chrysomelidae),
known as corn rootworms, are major pests of maize in North
America. The western corn rootworm, Diabrotica virgifera virgifera
LeConte, has also been spreading in Europe since its accidental
introduction in the 1980s.1,2 After diapausing as eggs in the soil,
larvae hatch in early summer, damagemaize roots by feeding and
develop through three larval stages before pupation.3 Emerging
adults mate and oviposit for several weeks, mainly in maize fields.
They feed on pollen, maize silk and young ears, whichmay reduce
plant fertility and affect grain quality.3–6
Crop rotation, soil insecticides and seed treatments against
larvae and foliar insecticide applications targeting adults are
common control methods against corn rootworms.7 However,
beetles managed to adapt to biannual maize–soybean rotations
by ovipositing in soybean or by producing eggs that remain
in diapause for more than one winter.8,9 Similarly, reduced
effectiveness of insecticides has been frequently observed within
a few years owing to increased microbial degradation and the
evolution of resistance in beetle populations.5,9,10
Genetically engineered maize varieties that express insecticidal
proteins targeting corn rootworms are a novel method of pest
control. In 2003, maize expressing Cry3Bb1 from the bacterium
Bacillus thuringiensis (Bt maize) entered commercial production
in the United States.11 Since then, varieties expressing Cry34/35
or modified Cry3A have also been commercialised.12 Growing Bt
maize has the potential to increase yields and reduce insecticide
applications.7,12,13 However, protection against corn rootworm
larvae isnotcomplete,andtheconcentrationofCry3Bb1expressed
in Bt maize is not considered a high dose for D. v. virgifera.14 While
Cry3Bb1-expressing Bt maize shows sufficient toxicity and acts as
a feeding deterrent for young larvae,11,15 only sublethal effects
wereobservedonolder larvae.16 Because the insecticidal protein is
expressed constitutively, adult corn rootworms are also exposed.
It is still unclear whether the adult beetles are susceptible to
Cry3Bb1 at expression levels that occur in the field. WhileWilson17
provides evidence of reduced fitness when D. v. virgifera adults
fed on Cry3Bb1-expressing Bt-maize leaves, other studies did not
confirm sensitivity of adults to Cry3Bb1.16,18,19 However, it remains
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unclear from those studies whether the beetles were exposed to
realistic levels of the Bt protein.
Toxicity of Cry3Bb1 to adult corn rootworms in the field
could add to the overall pest control efficacy of Bt maize.
At the same time, continuous exposure to toxic Bt protein
concentrations would represent a certain selection pressure on
the pest population and bears the risk of promoting resistance
development. Experimental evidence for resistance development
of thewestern corn rootwormtoCry3Bb1-expressingmaize comes
from a recent study reporting that the LC50 (lethal concentration
causing 50% mortality) in a colony that was reared for only three
generations onBt maize increased22-fold comparedwith a colony
not exposed to Cry3Bb1.20
In the present study, feeding bioassays were conducted to
examine whether Cry3Bb1-expressing Bt maize affects mortality
and oviposition of adult D. v. virgifera. Silk, pollen and leaves were
used to determine how food sources with different nutritional
qualities for D. v. virgifera influence potential effects of the Bt
protein.
2 MATERIALS AND METHODS
2.1 Plants and insects
Transgenic Bt-maize hybrid DKC5143Bt (event MON88017; Mon-
santo Company, St Louis, MO) and the corresponding non-
transformed near-isoline hybrid DKC5143 were used for the
experiments. DKC5143Bt expresses the cry3Bb1genedrivenby the
constitutive enhanced 35s cauliflower mosaic virus promoter.21
Maize plants were grown individually in 12 L plastic pots in the
glasshouse and fertilised with 40 g of slow-release fertiliser (Os-
mocote Exact, 16% N, 11% P2O5, 11% K2O; Scotts UK Professional,
Bramford, UK) before sowing and weekly with 0.2–0.8 L of 0.2%
Vegesan standard (80 g L−1 N, 70 g L−1 P2O5 and 80 g L−1 K2O;
Hauert HBG Du¨nger AG, Grossaffoltern, Switzerland) thereafter.
Shortly before pollen shedding, the tassel of each plant was con-
fined inanair-permeablecellophanebag (19.5×37.5 cm;Celloclair
AG, Liestal, Switzerland). Pollen was collected every 2–3 days, air
dried at room temperature for a further 2–3 days, sifted through
300 µm gauze to remove anthers and contaminants and frozen at
−20 or −80 ◦C until used for feeding assays or content analyses.
Silk and also leaves from the upper part of the plant (above the
ears) were used for the feeding assays directly after harvest. For a
continuous supply of plant material, new batches of maize were
planted every other week.
Anon-diapausing strainofD. v. virgifera, derived from theUSDA-
ARS North Central Agricultural Research Laboratory (Brookings,
SD9), was reared in the quarantine facilities of CABI Europe
(Dele´mont, Switzerland22). Pupae were provided in ventilated
transparent plastic containers (24 cm diameter, 16 cm height)
filled with soil. The soil was kept moist using a spray bottle
throughout the period of beetle emergence. Beetles were always
kept in a climatic chamber set to 24 ± 1 ◦C, 60 ± 10% humidity
and a 16 : 8 h light : dark cycle.
2.2 Feeding assay with adult D. v. virgifera
Within 48 h of emergence, adults were sexed based on the
sexual dimorphism of basitarsi,23 and pairs were assigned to
the following treatments: (1) Bt-maize silk; (2) Bt-maize leaves;
(3) Bt-maize pollen; (4) control-maize silk; (5) control-maize leaves;
(6) control-maize pollen. Replicates were set up every other day
between 20 April and 8 May 2006 and between 20 and 24
September 2007, resulting in a total of 40–42 pairs of beetles per
treatment. Beetleswere kept in 25 mL transparent plastic cylinders
(6.5 cm diameter, 8.0 cm height). Water was added to the wall of
the cylinders using a spray bottle, and additionally one open
0.2 mL microreaction tube filled with water was placed into each
cage. For the leaf treatments, oneca5 cm long leaf stripwasplaced
in each cage. For the silk treatments, each cage received 10–30
silk threads. Pollen was provided in portions of 30–50 mg placed
in a plastic dish (3.2 cm diameter, 1.0 mmheight). The dishes were
lined with filter paper discs, and 3–5 drops of water were added.
The cylinders with beetles and food were sealed with punctured
plastic lids to allow ventilation. Every other day, survival of the
beetles was recorded and cages (including food and water) were
changed. Males dying throughout the experiment were replaced
to maintain the possibility for females to mate, but no data were
recorded for the new males. All beetles were weighed in a closed
plastic container on day 0, 4, 8, 20, 28 and 36 after assignment to
the treatments.
On day 10 in 2007 and day 12 in 2006, black-painted plastic
containers (4.0 cm diameter, 1.5 cm height) were placed into each
cage for egg laying. The containers were half-filled with heat-
sterilised soil that had been sieved through 180 µm gauze and
moistened with water. One 1 cm hole in the lid allowed access for
the females. Every 8 days, new soil containers were provided and
the old ones were stored at 4 ◦C for a maximum of 4 weeks. Eggs
were counted using binoculars after the soil had been washed
through a 250 µm plastic sieve. After counting, the eggs of each
container were transferred with a fine brush to 1–3 wells of a
128-bioassay tray (BioServ, Frenchtown, NJ), whichwere one-third
filled with moist soil. Eggs were covered with another layer of
moist soil, and the wells were sealed with ventilated cover slips
(BioServ). Hatching of eggs was checked qualitatively every other
day. Eggs from one container with at least two visible larvae were
considered fertile.
2.3 Quantification of Cry3Bb1 in maize and beetles
On day 44 in 2006 and day 52 in 2007, all beetles that survived
the experiment were weighed and frozen individually in 2 mL
microreaction tubes at −80 ◦C for quantification of Cry3Bb1.
Throughout the experiment, samples of ca 1 cm2 leaf pieces cut
from fresh leaf material (N = 4), 2–3 fresh silk threads (N = 8) and
30–50 mg of pollen (N = 14) were stored in 2 mL microreaction
tubes at−80 ◦C for Cry3Bb1 quantification. To determinewhether
the Cry3Bb1 concentrations remained stable, the same number
of samples were taken from food that had been exposed to the
beetles for 2 days.
To assess whether the laboratory feeding bioassay exposed
beetles to realistic levelsofCry3Bb1, adultwesterncorn rootworms
were collected in Cry3Bb1-expressing Bt-maize fields (event
MON863) in Iowa, United States. Collections were done before,
during and after anthesis in 2005. Beetles were frozen shortly after
collection, shipped to Switzerland on dry ice and stored at−80 ◦C.
Cry3Bb1 was analysed in samples consisting of 3–4 beetles per
2 mL microreaction tube.
All plant and beetle samples were lyophilised, and the dry
weight (DW) was determined. Leaf and silk samples were cut into
small pieces using scissors. One tungsten carbide ball was added
to each microreaction tube together with phosphate-buffered
saline with Tween (PBST) at a ratio of 30–150 µL−1 mg−1 DW.
The samples were homogenised for 3 min at 30 Hz in an MM300
mixer mill (Retsch, Haan, Germany) fitted with 24-tube adapters
for microreaction tubes (Quiagen, Hombrechtikon, Switzerland).
wileyonlinelibrary.com/journal/ps c© 2011 Society of Chemical Industry Pest Manag Sci 2011; 67: 807–814
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After centrifugation at 13 000× g for 5 min, the supernatants were
diluted with PBST 1000 times for Bt-maize silk and leaves, 100
times for Bt-maize pollen, 200 times for D. v. virgifera fed with
Bt-maize silk, 1–50 times for beetles fed with Bt-maize leaves,
1–20 times for beetles fed with Bt-maize pollen and 1–100 times
for field-collected beetles. Supernatants of control samples were
used undiluted. The concentration of Cry3Bb1 was measured
using double-antibody sandwich enzyme-linked immunosorbent
assays (DAS-ELISA) commercially available from Agdia (Elkhart,
IN). Antibody-coated, 96-well microtitre plates were loaded with
100 µL of enzyme conjugate (both provided with the kit) and
100 µL of sample extract per test well. In addition, purified
Cry3Bb1 solutions of attested purity and quality provided by
Monsanto were loaded in five concentrations between 0.3 and
20 ng mL−1 to construct a standard curve. After the plates had
been incubated for 2 h under ambient conditions, they were
washed 7 times with PBST, and the provided substrate solution
was added. For samples from the experiment in 2006 and for
field-collected beetles, 50 µL of 3 M sulphuric acid was added
per well after 10 min, and the optical density (OD) was measured
at 450 nm light wavelength with a SpectrafluorPlus plate reader
(Tecan, Mannedorf, Switzerland). Owing to changes in the test kit
by Agdia, samples from 2007 were measured directly 14 min after
adding the substrate solution at 620 nm. Cry3Bb1 concentrations
(in µg g−1 DW) were calculated from the standard curve using
regression analysis. The limit of detection of the test system, based
on the standard deviation of buffer-only OD values multiplied by
3,24 was 0.2 µg of Cry3Bb1 permL of extract added to the test well.
2.4 Carbon and nitrogen analyses of maize
The content of protein in a food source is important for insect
nutrition, because protein is needed to produce eggs. A common
indicator for protein content is the ratio of carbon to nitrogen
(C : N). Using senescent leaves of the same Bt- and control-
maize varieties as in the present study, Zurbru¨gg et al.25 reported
differences in C : N ratios, while lignin, cellulose or hemicellulose
contents did not differ. Therefore, the content of C and N in fresh
Bt- and control-maize silk, leaves and pollen was also measured
in the present study for three consecutive batches of plants
grown in the glasshouse. After the plants were 10–11 weeks
old, silk was harvested from ten individual plants. In addition, a
strip of ca 10 cm length was cut from the second and fifth leaf
(counted from the top) of the same plants. Leaf and silk samples
were frozen at −20 ◦C shortly after being cut. One combined
pollen sample was collected every 2–3 days from all Bt and all
control plants flowering at the time. This resulted in four samples
of Bt-maize and four samples of control-maize pollen collected
consecutively for each batch of plants. Pollen samples were taken
and processed as described previously. All plant samples were
lyophilised. Thereafter, silk and leaf samples were cut into small
pieces using scissors and transferred to 25 mL stainless steel
containers. After adding one 2 cm stainless steel ball, samples
were ground to fine powder at 25 Hz for 2 min for silk and 3 min
for leaves using a mixer mill MM300 (Retsch, Haan, Germany).
From the ground silk and leaf samples, as well as from the pollen
samples, 3–6 mg was transferred into tin cartridges. Carbon and
nitrogen contents were measured and calculated with a Euro
EA300 elemental analyser (HEKAtech GmbH, Wegberg, Germany)
and the Callidus 2E3 software (HEKAtech). To obtain C : N ratios,
the proportions of carbon (compared with total weight) were
divided by the proportions of nitrogen. The values from the three
consecutive maize batches were pooled for analyses.
2.5 Data analyses
All data were analysed using the Statistica 7.1 software package
(StatSoft Inc., Tulsa, OK). Data for male and female D. v. virgifera
were analysed separately. Beetle weight at the start of the
feeding assay and weight development during the experiment
were compared with ANOVA and repeated-measurement (RM)
ANOVA respectively (factors: maize and food). Tukey HSD post
hoc tests were conducted for significant treatment effects. Nine
pairwisecomparisonsusingnon-parametric statisticswereapplied
for survival (Gehan–Wilcoxon tests), the number of eggs laid
per female (Mann–Whitney U-tests), the proportion of females
producing eggs versus females not producing eggs (Fisher’s exact
chi-squared tests) and the proportion of females producing fertile
eggs versus females producing eggs without confirmed fertility
(Fisher’s exact chi-squared tests). Each food treatment (leaves, silk,
pollen) was compared within Bt- and control-maize treatments
(3 × 2 pairwise comparisons), and Bt and control treatments
were compared within the same food treatment (three pairwise
comparisons). P-values were sequentially adjusted for multiple
comparisons using the Bonferroni–Holmmethod.26
Cry3Bb1 concentrations in fresh food were compared with
those in two-day-old food using non-parametric Mann–Whitney
U-tests. For the analyses of C : N ratios, nineMann–WhitneyU-tests
were conducted to compare each food treatment within Bt- and
control-maize treatments, and Bt and control treatments within
the same food treatment. P-values were sequentially adjusted
for multiple comparisons. Values of four silk samples had to be
discarded owing to faulty measurements.
3 RESULTS
3.1 Feeding assay with adult D. v. virgifera
Males on Bt-maize leaves showed a marginally but significantly
lower survival than on control leaves (Gehan–Wilcoxon test,
adjusted α = 0.01, p = 0.009, Z = −2.61) (Fig. 1). A tendency
for lower survival was also observed for males on Bt-maize pollen
compared with control pollen (adjusted α = 0.013, p = 0.048,
Z = −1.98). No significant differences between the Bt and control
treatment were obtained for silk-fed males (p = 0.70, Z = 0.38).
Female survival on Cry3Bb1-containing plant material was not
different from that on respective control plant material (p ≥ 0.11,
−0.59 ≥ Z ≥ −1.58) (Fig. 1).
While survival was below 10% in both leaf treatments, more
than 35% of the beetles in the pollen treatments and more than
60% of those in the silk treatments survived (Fig. 1). Survival of
both female and male beetles was lower in the Bt- or control-
leaf treatments than in the respective silk and pollen treatments
(adjusted α = 0.0056–0.0083, p < 0.0001, −5.6 ≥ Z ≥ −6.1)
(Fig. 1). No differences between pollen and silk were observed
(p ≥ 0.13, −0.88 ≥ Z ≥ −0.92).
Beetle weight at the beginning of the experiment was similar
for all treatments in females andmales (ANOVA, p ≥ 0.08; females,
factor maize F1,240 = 2.97, factor food F2,240 = 0.05; males, factor
maize F1,235 = 1.10, factor food F2,235 = 0.42).
During the experiment, female weight increased significantly
(RM-ANOVA, p < 0.0001, F5,715 = 217.8) (Fig. 2A). Differences
were observed between the Bt- and control-maize treatments
(p = 0.004, F1,143 = 8.65) and among the food treatments
(p < 0.0001, F2,143 = 14.47). Tukey HSD post hoc tests confirmed
significantly lower weight for females fed on Bt leaves compared
with all other treatments except control leaves, as well as for
control leaves compared with control pollen (p ≤ 0.02). The
Pest Manag Sci 2011; 67: 807–814 c© 2011 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
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Figure 1. Survival of adult Diabrotica virgifera virgifera (A) females and (B) males when feeding on leaves, pollen or silk of Bt maize (DKC5143Bt, event
MON88017) or the non-transformed near-isoline hybrid (DKC5143) for 44–52 days. N = 40–42 per treatment. Males fed with Bt-maize leaves differed
significantly from those fed with control leaves (p = 0.009; Gehan–Wilcoxon test, indicated with asterisk). In addition, males and females fed with Bt or
control leaves differed significantly from those fed with respective pollen or silk (p < 0.001).
Figure 2. Weight development of adult Diabrotica virgifera virgifera (A) females and (B) males when feeding on leaves, pollen or silk of Bt maize
(DKC5143Bt, event MON88017) or the non-transformed near-isoline hybrid (DKC5143) until 36 days. N = 40–42 per treatment on day 0. For females, the
factors food type (leaves, pollen, silk) and maize (Bt, non-Bt) were significant (ANOVA, p ≤ 0.004).
weight of male D. v. virgifera also increased significantly with time
(RM-ANOVA, p < 0.0001, F5,665 = 157.9), but only in the first
4 days of the experiment (Fig. 2B). There were no differences in
male weight between the different treatments (p ≥ 0.6, factor
maize F1,133 = 0.28, factor food F2,133 = 0.01).
The total number of eggs per female in the Bt-silk treatmentwas
lower compared with the control-silk treatment (Mann–Whitney
U-test, adjusted α = 0.017, p = 0.002, Z = 3.08), and a similar
trend emerged for the Bt- and control-pollen treatments (adjusted
α = 0.025, p = 0.053, Z = 1.93) (Fig. 3). No difference in fecundity
wasevidentbetweentheBt- andcontrol-leaf treatments (p = 0.78,
Z = 0.27). Females fed with Bt- or control-maize pollen laid more
eggsthanthosefedwithsilkor leaves (adjustedα = 0.0056–0.013,
p < 0.0001, 4.03 ≤ Z ≤ 6.77). In addition, individuals in both silk
treatments produced higher numbers of eggs than those fed with
Bt or control leaves (adjusted α = 0.0063–0.010, p ≤ 0.0001,
4.96 ≤ Z ≤ 6.63).
The proportion of females that were able to produce eggs was
not different between Bt and control maize for any of the food
sources (Fisher’s exact tests, p ≥ 0.23, 0.06 ≤ χ2 ≤ 2.15). Of
the 38–42 females in each treatment, only 13 and 14 females
were able to produce eggs in the Bt- and control-leaf treatments
respectively. In contrast, 35 and 37 females in the Bt and control
pollen and32 and36 females in theBt- and control-silk treatments,
respectively, were able to produce eggs. The proportion of
females producing eggs in the Bt- or control-leaf treatments was
significantly lower than in the respectivepollenandsilk treatments
(adjusted α = 0.0056–0.0083 p < 0.0001, 17.8 ≤ χ2 ≤ 27.4).
No difference was observed between pollen and silk treatments
(p ≥ 0.59, χ2 ≤ 0.4).
Fertilityof theeggs couldbeconfirmed formore than80%of the
beetles in all treatments. No statistical differences in fertility were
detected between the food sources or between Bt and control
treatments (Fisher’s exact tests, p ≥ 0.3, 0.14 ≤ χ2 ≤ 1.67).
wileyonlinelibrary.com/journal/ps c© 2011 Society of Chemical Industry Pest Manag Sci 2011; 67: 807–814
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Figure 3. Total number of eggs laid by Diabrotica virgifera virgifera
females within 44 days when feeding on leaves, pollen or silk of Bt
maize (DKC5143Bt, eventMON88017) or the non-transformed near-isoline
hybrid (DKC5143). N = 38–42. Bt-maize silk differed from control-maize
silk (Mann–Whitney U-test, indicated with asterisk). All comparisons of
different food types within Bt or control maize were highly significant
(p < 0.001).
3.2 Concentration of Cry3Bb1 in plant material and D. v.
virgifera
Bt protein concentrations in plant material were not different
between fresh and two-day-old food, which indicates stable
exposure levels to D. v. virgifera during the 2 days between
change of food (Mann–Whitney U-test, p = 0.91, Z = 0.11).
Consequently, values from fresh and old food were pooled for
further calculations. Mean concentrations of Cry3Bb1 in Bt-maize
leaves were comparable with those in silk andmore than 10 times
higher than in pollen (Table 1). Beetles contained 3–7% of the Bt
protein concentrations measured in maize pollen and 13–24% of
the Cry3Bb1 in Bt-maize silk (Table 1). For the Bt-leaf treatment,
no ELISAmeasurements were conducted for beetles because only
four beetles survived. Plant material and beetles from all non-Bt
treatments contained no measurable Cry3Bb1.
Beetles collected in Bt-maize fields in Iowa before and after
maize anthesis contained12.3 (meanof sevenbeetles) and17.2 µg
Cry3Bb1 g−1 DW (40 beetles) respectively. During anthesis, D. v.
virgifera adults contained a lower concentration of 4.2 µg Cry3Bb1
g−1 DW (70 beetles).
3.3 C : N ratio in food sources
For all plant materials, Bt and control maize revealed similar
C : N ratios (Mann–Whitney U-tests, p ≥ 0.13, 0.32 ≤ Z ≤ 1.53)
(Table 2). Silk showed approximately double C : N ratios than
leaves and pollen (adjusted α = 0.0056–0.0083, p < 0.0001,
Table 2. Ratios of carbon (C) to nitrogen (N) (mean ± SE) in leaves,
pollen and silk of Bt maize (DKC5143Bt, event MON88017) and the
non-transformed near-isoline hybrid (DKC5143). Plants were grown in
the glasshouse. Bt-maize tissue did not differ from the corresponding
control-maize tissue (p-values in the table). All comparisons of different
maize tissues within Bt or control maize were highly significant
(Mann–Whitney U-tests, p < 0.001)
Bt maize Control maize
Mann–Whitney
U-test
Maize tissue N C : N ratio N C : N ratio p-value
Leaves 30 12.4 ± 0.13 30 12.4 ± 0.14 0.43
Pollen 12 11.4 ± 0.07 12 11.4 ± 0.04 0.75
Silk 28 24.2 ± 0.54 28 25.2 ± 0.57 0.13
4.94 ≤ Z ≤ 6.53). In addition, C : N ratios in leaves were slightly,
but significantly, higher than in pollen (adjusted α = 0.01–0.013,
p < 0.0001, 3.97 ≤ Z ≤ 4.08).
4 DISCUSSION
4.1 Impact of Cry3Bb1-expressing maize
Diabrotica virgifera virgiferaadultswere fedwithBtorcontrolmaize
for 6–7 weeks, which covers the period of peak egg production.22
Male, but not female, survival on Bt-maize leaves was reduced
compared with the control-leaf treatment, and a similar trend
was observed for the pollen treatments. The reason for this
difference between the sexes is unclear, but males, which are
generally smaller than females22 (Fig. 2), might possess lower
energy reserves. The overall female weight and the fecundity
on Bt maize silk were significantly reduced compared with the
corresponding control-maize treatments. Reduced femaleweight,
however, is probably linked with reduced fecundity.22 A trend for
reduced fecundity was also observed on Bt-maize pollen.
For the interpretation of the observed effects, ELISA analyses were
conducted to determine the doses of ingested Cry3Bb1 protein
in the present bioassays and how they relate to the situation
in the field. Previous reports that Cry3Bb1 levels in MON88017
Bt-maize pollen are one order of magnitude lower than in silk and
leaves were confirmed by the presentmeasurements.16,21,27 While
uptakeofCry3Bb1wasevident inbeetles feedingonpollenandsilk,
Cry3Bb1 concentrations in beetles fed with Bt-maize leaves could
notbemeasuredbecauseofhighmortalityduring theassay. Short-
term feeding studies with Bt-maize leaves for 7–8 days, however,
revealed mean concentrations of 6.8 µg Cry3Bb1 g−1 DW in D. v.
virgifera females (N = 37) and 4.8 µg g−1 DW in males (N = 13)
Table 1. Concentrations of Cry3Bb1 in µg g−1 DW (mean ± SE) measured in Bt maize (DKC5143Bt, event MON88017) as well as in surviving adults
of Diabrotica virgifera virgifera after feeding for 44–52 days on the corresponding food in the laboratory
Diabrotica virgifera virgifera
Plant material Females Males
N Cry3Bb1 N Cry3Bb1 N Cry3Bb1
Leaves 8 126 ± 19.0 – Not measured – Not measured
Pollen 28 11.6 ± 0.79 26 0.8 ± 0.22 17 0.3 ± 0.08
Silk 16 155 ± 23.5 30 37.3 ± 4.40 27 20.9 ± 2.76
Pest Manag Sci 2011; 67: 807–814 c© 2011 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
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(Meissle M and Romeis J, unpublished data), which corresponds
to ca 5% of the concentration in leaves.
In contrast to the no-choice situation in the laboratory, adult
D. v. virgiferacanconsumeamixofvariousplantparts includingsilk,
pollen, leaves and immature kernels in the field.28,29 To compare
the exposure situation in the present laboratory bioassays with
realistic exposure levels in the field, the Cry3Bb1 concentrations
of adult D. v. virgifera beetles from Bt-maize fields near Ames,
Iowa, were measured. Beetles were collected from the Cry3Bb1-
expressing transformationeventMON863, becausemaizewith the
transformation event MON88017 was not grown on large scales
at the time of collection. While expression levels in leaves are
similar for both events, MON88017 produces ca 4 times higher
concentrations in silk andca4 times lower concentrations inpollen
compared with MON863.21,30 The present ELISA measurements
revealed that beetles collected from the field during anthesis
contained 3–4 times lower Cry3Bb1 concentrations than before
and after anthesis. The values are one order of magnitude higher
than for beetles feeding on pollen in the laboratory, most likely
because of the higher Cry3Bb1 concentration in MON863 pollen,
and because of other plant parts that beetles may have ingested.
The present ELISA results furthermore demonstrate that Cry3Bb1
concentrations in adult corn rootworms in the Bt-silk treatment
were higher than in beetles from the field at any sampling time.
In summary, ELISA results of the present laboratory samples
demonstrate that beetles in all Bt-maize treatments were exposed
to the Cry3Bb1 protein. A comparison with the field-collected
insects revealed that exposure in the silk treatment of the feeding
assay can be considered the worst case for adult D. v. virgifera.
Cry3Bb1-expressing Bt maize is protected from root feeding
by D. v. virgifera neonate larvae.11,18 Survival of second instars
feeding on Bt-maize seedlings in the laboratory, however, was
not affected, but they showed delayed development compared
with larvae feeding on non-Bt seedlings.16 This illustrates that
the sensitivity of D. v. virgifera to Cry3Bb1 expressed in Bt maize
is highest in neonates and decreases during growth. For adult
western corn rootworms, Meissle et al.16 reported no statistical
differences in survival when a mix of male and female beetles
were fed on silk or leaves of the same Bt-maize cultivar as used
in the present study for 54–70 days. Survival in the Bt treatments,
however, was consistently lower than in the control treatments.
Al-Deeb and Wilde18 fed D. v. virgifera in the laboratory with a
mixture of silk and ears of Bt maize containing Cry3Bb1 (event
MON863) until all beetles died. No statistically significant effects
on survival and oviposition were evident, but females fed with Bt
maize laid 35% (year 1) and 65% (year 2) fewer eggs than those
fed with control maize. Wilson17 reported that beetles caged for
only 5 days on Bt-maize leaves (event MON863) showed higher
mortality, consumed less leaf area and laid fewer eggs than those
caged on non-Bt leaves. In contrast, beetles feeding on Bt-maize
silk in the same experiment did not show significant differences to
the control-maize treatment.17
In summary, the present study and the published literature
indicate some reduction in adult western corn rootworm survival
and fecunditywhen feedingonBt maize, even thougheffectswere
limitedandoftennotsignificant, andnoclear relationshipbetween
exposure toCry3Bb1andobservedeffects on life-tableparameters
could be established. There are two possible explanations for the
nature of the observed effects: (1) the ingested Cry3Bb1 caused
some direct effects on the beetles (Bt effects); (2) differences
between the Bt and control varieties other than the presence or
absence of the Bt protein influenced beetle performance (variety
effects). The composition of a transgenic variety and the near-
isoline is likely to differ to some extent, because the Bt trait has to
be introduced into the conventional variety after transformation,
which requires several steps of selection and breeding. Effects
due to varietal differences rather than the Bt protein have been
reported previously for detritivores31–33 and aquatic shredders.34
In addition, Zurbru¨gg et al.25 reported a lower C : N ratio in
senescent leaves of the same Bt-maize variety compared with
the control. The measured parameters for Bt varieties and the
near-isolines, however, were generally within the range of several
commercial, conventional varieties.33,25 In the present study, the
C : N ratios measured were very similar between Bt- and control-
maize leaves, pollen and silk, which does not provide evidence for
variety effects.
Bioassays with purified proteins rather than Bt plants can help
to exclude variety effects.35 Nowatzki et al.19 conducted a bioassay
with purified Cry3Bb1 mixed into an agar matrix together with
a feeding stimulant (based on a semiochemical and watermelon
juice). Longevity of adult D. v. virgifera was similar or even higher
when 10 or 100 µg Cry3Bb1 g−1 matrix was present, compared
with beetles offered only agar and the stimulant. Exposure of
the beetles, however, was not quantified and is not comparable
with the present study, because Nowatzki et al.19 were not able to
confirmthepresenceof theBt protein in almost50%of thebeetles.
In addition, the study did not measure sublethal parameters like
fecundity.19
Improved feeding bioassays with purified Cry3Bb1 mixed into
a suitable diet could reveal or exclude sensitivity of adult western
corn rootworms to relevant Cry3Bb1 concentrations. The highest
concentration used in the bioassay, however, should be selected
such that beetles ingest significantly higher doses than in the field.
Furthermore, studies that examine binding of the Cry3Bb1 protein
to thegutmembranecouldrevealpotential sensitivityofadultcorn
rootworm beetles. Finally, testing different transformation events
and Bt-maize varieties expressing Cry3Bb1 against corresponding
near-isolines should reveal a uniform pattern in the case of
sensitivity to the Bt protein and inconsistent results when variety
effects dominate.
4.2 Impact of food quality
The response of the beetles in the present study showed that
the three maize plant tissues were of different nutritional quality.
Pollen seemed to be an ideal food source, as mortality remained
low and the highest number of eggs was produced. High
nutritional quality of maize pollen has been shown for a range
of arthropods,36–40 and maize pollen is readily consumed by
Diabrotica spp. in the field.28 In contrast, leaves represented the
lowest quality food source in the present experiment, as indicated
by high mortality and negligible egg production. Low nutritional
quality of maize leaves for the northern corn rootworm, Diabrotica
barberi Smith and Lawrence, has been reported earlier by Lance
and Fisher,41 and for thewestern corn rootwormbyMeissle et al.16
The C : N ratio measured in leaves was comparable with that of
pollen. Therefore, other parameters, for example differences in
cellulose content, could be responsible for the low nutritional
value of leaves. When D. v. virgifera beetles were fed with silk,
survival was comparable with that in the pollen treatments, but
egg production was reduced to one-third. The high C : N ratio of
silk indicates a low concentration of nitrogen and thus of protein.
Because proteins are essential for egg production, this indicates
that silk most likely did not provide enough protein for optimal
egg production, but it contained sufficient energy for the beetles
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to sustain living with low mortality. Good survival rates of D. v.
virgifera adults feeding on silk were also reported previously.16
The nutritional quality of food sources containing Bt proteins
may alter the level of sensitivity of an insect to a toxin. For example,
the same concentration of Cry3Bb1 showed lower toxicity to
neonate larvae of the Colorado potato beetle, Leptinotarsa
decemlineata (Say) (Coleoptera: Chrysomelidae), when delivered
through highly nutritious maize pollen compared with maize
leaves, silk or roots.38 Limited protein availability and the presence
of secondary plant compounds, e.g. tannins, had been discussed
to result in physiological changes in the gut of insects, which
may alter the sensitivity to Bt proteins.42,43 In the present study,
however, high concentrations of Bt toxin combined with low
food quality, as present in the Bt-leaf treatment, did not result in
generally larger effects than in the silk (high Bt concentrations,
medium nutritional quality) or pollen (low Bt concentrations, high
nutritional quality) treatments. This shows that food quality did
not seem to affect the beetle’s sensitivity to Cry3Bb1 in Bt-maize
tissue.
5 CONCLUSIONS
Effects of Bt maize on some life-table parameters of Diabrotica
v. virgifera, i.e. fecundity and male survival, were observed, but no
consistent relationship with the level of exposure to Cry3Bb1 was
present. The observed effects can be explained by direct effects
of the expressed Bt protein, but also by potential variety effects
between the Bt and near-isoline. Nutritional quality of different
plant partswas important for adult performance, but did not seem
to affect the beetle’s sensitivity to Bt maize. The results indicate
that the impact of Bt maize on adult populations is likely to be
limited.
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